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Abstract
Maternal Activin-like proteins, a subgroup of the TGF-β superfamily, play a key role in establishing the body axes in many vertebrates, but
their role in teleosts is unclear. At least two maternal Activin-like proteins are expressed in zebrafish, including the Vg1 orthologue, zDVR-1, and
the nodal-related gene, Squint. Our analysis of embryos lacking both maternal and zygotic squint function revealed that maternal squint is
required in some genetic backgrounds for the formation of dorsal and anterior tissues. Conditional inactivation of the ALK4, 5 and 7 receptors by
SB-505124 treatment during the cleavage stages ruled out a role for maternal Squint, zDVR-1, or other Activin-like ligands before the mid-
blastula transition, when the dorsal axis is established. Furthermore, we show that maternal Squint and zDVR-1 are not required during the
cleavage stages to induce zygotic nodal-related gene expression. nodal-related gene expression decreases when receptor inhibition continues past
the mid-blastula transition, resulting in a progressive loss of mesoderm and endoderm. We conclude that maternally expressed Activin-like signals
do not act before the mid-blastula transition in zebrafish, but do have a variably penetrant role in the later stages of axis formation. This contrasts
with the early role for these signals during Xenopus development.
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During vertebrate development, maternally expressed factors
determine the precise location of zygotically active signaling
centers that pattern the major body axes. This process is best
understood in Xenopus. In frogs, determinants of the major axes
are localized to the vegetal pole and are activated after
fertilization (Black and Gerhart, 1986; Scharf and Gerhart,
1983). Rotation of the cortical cytoplasm during the first cell
cycle transports components of the Wnt pathway, such as
Disheveled and β-catenin, from the vegetal pole to the dorsal
blastomeres (Miller et al., 1999; Rowning et al., 1997). In these
cells, high levels of maternal Wnt11 trigger the accumulation of
nuclear β-catenin (Kofron et al., 2007; Larabell et al., 1997; Tao
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doi:10.1016/j.ydbio.2007.07.010genes induces Spemann's Organizer, the major signaling center
that patterns the dorsoventral axis (Harland and Gerhart, 1997;
White and Heasman, 2007). Additional vegetally localized
determinants include the T-box transcription factor, VegT, and
the TGF-β ligand, Vg1 (White and Heasman, 2007). VegT
induces zygotic expression of the nodal-related genes, which
encode a subclass of TGF-β proteins that induce mesodermal
precursors at the margin (Kofron et al., 1999). Vg1 is required
for the expression of organizer-specific genes, such as xnr3,
chordin, cerberus and noggin (Birsoy et al., 2006). Thus,
specification of the dorsal axis involves the coordinated
activation of maternal Wnt and TGF-β signaling pathways.
In zebrafish, the initial stages of axis determination are less
clear. Yolk depletion studies demonstrated that one or more
dorsal determinants are localized to the vegetal pole prior to
fertilization and are transported to the blastomeres during the
first cell cycle (Mizuno et al., 1999). RNase injection and yolk
grafting experiments showed that a mesoderm- and endoderm-
inducing signal also resides in the yolk (Chen and Kimelman,
2000; Mizuno et al., 1999). The molecular nature of these
determinants and how they are transported, however, are not
known. Two lines of evidence suggest that in zebrafish, com-
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axis determination. First, β-catenin protein accumulates in
nuclei of dorsal blastomeres as early as the 128-cell stage
(2.25 h) (Dougan et al., 2003). This suggests that the Wnt
pathway is activated during the cleavage stages, well before the
mid-blastula transition (MBT). Loss of maternal β-catenin
function disrupts the expression of dorsal-specific genes and
eliminates the embryonic shield, which is the equivalent of
Spemann's Organizer (Bellipanni et al., 2006; Kelly et al.,
2000). Conversely, β-catenin induces ectopic shields when
overexpressed (Dougan et al., 2003; Kelly et al., 1995). Thus,
maternal activation of the Wnt pathway is necessary and
sufficient to specify the dorsal axis in zebrafish, although it is
not known if activation of the pathway at these stages is ligand
dependent.
The role of maternal TGF-β signals in zebrafish is highly
controversial, with some studies suggesting a role for these
ligands in the earliest steps of axis determination and other
studies indicating that they have no role in embryonic
development. Zebrafish contain at least two maternal transcripts
encoding TGF-β proteins, each of which has been proposed to
have a different role in early development. The Vg1 orthologue,
zDVR-1, is ubiquitously expressed in oocytes and early
embryos (Dohrmann et al., 1996; Helde and Grunwald,
1993). Loss-of-function experiments have not been performed
on zDVR-1, but the fully processed ligand can induce
mesoderm (Dohrmann et al., 1996). Maternal transcripts
encoding the zebrafish Nodal-related protein Squint (Sqt),
another TGF-β protein, are localized throughout the cytoplasm
of stage Voocytes, but become asymmetrically distributed after
fertilization (Gore and Sampath, 2002; Gore et al., 2005;
Rebagliati et al., 1998a). By the 8-cell stage (1.25 h), maternal
sqt transcripts are localized to dorsal blastomeres. The dorsal
axis does not form when the maternal sqt transcripts are
depleted by injection of antisense morpholino oligonucleotides
into oocytes (Gore et al., 2005). These results suggest that
maternal sqt transcripts act during the cleavage stages to
establish the dorsal axis. Studies of sqt mutants, however,
support a different conclusion. The dorsal axis forms in
embryos lacking only zygotic sqt (Zsqt) or both maternal and
zygotic sqt (MZsqt) function (Aoki et al., 2002b; Dougan et al.,
2003; Heisenberg and Nusslein-Volhard, 1997). This suggests
that there is no role for maternally supplied sqt. These
experiments, however, utilized the sqtcz35 mutation, which has
not yet been demonstrated to be a functional null allele
(Feldman et al., 1998; Schier, 2005).
The Nodal-related proteins and Vg1 activate the same
receptor complex, consisting of the TGF-β Type I receptor,
ALK4, the Type II receptor, ActR-IIB, and the Cripto/One-
Eyed-pinhead (Oep) co-receptor (Cheng et al., 2003; Gritsman
et al., 1999; Reissmann et al., 2001). Another TGF-β ligand,
Activin, activates the receptor complex in an Oep-independent
fashion. ALK4 is a Ser/Thr kinase that phosphorylates
cytoplasmic Smad2 and Smad3 (Massague and Wotton,
2000). Collectively, ligands that act through Smad2 and
Smad3 are referred to as Activin-like signals. Phosphorylated
Smad2 or phosphorylated Smad3 dimerizes with Smad4,translocates to the nucleus and activates transcription of target
genes, including the nodal-related genes themselves and the
secreted Nodal antagonist, lefty (Massague et al., 2005; Meno
et al., 1999). In zebrafish, this feedback loop perpetuates ex-
pression of nodal-related genes at the embryo margin until
gastrulation (Chen and Schier, 2002; Feldman et al., 2002).
Studies inactivating different components of the receptor
complex during the cleavage stages have led to conflicting
conclusions about the requirement for maternal TGF-β
signaling in zebrafish. One set of experiments utilized the
drug SB-431542, an inhibitor of the ALK4 receptor, to block
activation of the pathway at different times between fertilization
and the mid-blastula transition (Ho et al., 2006; Inman et al.,
2002; Sun et al., 2006). Treatment at later times led to a milder
phenotype than treatment at the 1- to 4-cell stage, suggesting a
role for activation of the pathway during the cleavage stages. In
addition, the phenotype of embryos unable to respond to Vg1 or
Nodal-related proteins due to the absence of the Oep co-receptor
(MZoep mutants) is enhanced by treatment with SB-431542
(Sun et al., 2006). These results suggest that one or more
Activin-like proteins act during the cleavage stages to establish
the body axes. A different conclusion is reached by experiments
demonstrating that MZoep mutants can be rescued to viability
when oep function is supplied at the onset of mid-blastula
transition (Aoki et al., 2002a; Gritsman et al., 2000). These
results argue against a role for maternal Vg1 or Sqt, but leave
open the possibility that these or other Activin-like signals may
act during the cleavage stages by an Oep-independent
mechanism (Schier, 2005).
In contrast to maternal TGF-β signals, the role of zygo-
tically expressed Activin-like signals is clear (Schier, 2003). In
mouse nodal mutants, the primitive streak does not form and
the resulting embryos lack derivatives of the mesoderm
(Conlon et al., 1994; Varlet et al., 1997; Zhou et al., 1993).
In fish, two zygotically expressed Nodal-related proteins, Sqt
and Cyclops (Cyc), cooperate to induce the mesoderm and
endoderm, and to pattern the germ layers in a dosage-
dependent manner (Schier and Talbot, 2005). The initial steps
of axis determination occur normally in embryos lacking
zygotic sqt function, as indicated by dorsal expression of the β-
catenin target, Bozozok (Sirotkin et al., 2000). Dorsal
mesoderm is severely reduced, however, by the late blastula
stages (Dougan et al., 2003; Feldman et al., 1998). These
embryos recover during gastrulation, and by 24 hpf Zsqt
mutants display only mild cyclopia or are indistinguishable
from wild type (Dougan et al., 2003). The recovery of Zsqt
mutants is mediated by Cyc signals, which act to induce dorsal
mesoderm during gastrulation in this background (Hagos and
Dougan, 2007). sqt;cyc double mutants lack all derivatives of
the mesoderm and endoderm in the head and trunk, including
the notochord, somites, heart, pronephros and gut (Feldman et
al., 1998). Nodal signals act in a dosage-dependent manner to
pattern the mesoderm and endoderm, but recent results show
that cells respond to the total cumulative Nodal dose to which
they are exposed during the blastula stages. (Agius et al., 2000;
Dougan et al., 2003; Erter et al., 1998; Jones et al., 1995).
Thus, short exposures to Nodal signals specify somites, while
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2007).
We adopted two approaches to determine the function of
maternally expressed Activin-like signals. In our genetic
analysis, we found that some MZsqt embryos lack dorsal and
anterior neural tissues, a phenotype never observed in Zsqt
mutants. To determine if maternal sqt is required during the
initial stages of axis determination, which occur during the
cleavage stages, we conditionally inactivated the ALK4, 5 and 7
receptors using SB-505124, a previously characterized inhibitor
of the Nodal receptors (Callahan et al., 2002; DaCosta Byfield
et al., 2004). These experiments are the first to conditionally
block both Oep-dependent and -independent signaling at early
stages without disrupting later receptor activity. We treated
embryos with SB-505124 at 0.75 hpf and washed out the drug at
successively later stages, thereby restoring receptor activity in
older embryos. Embryos were normal when receptor activity
was restored just after the cleavage stages, ruling out a role for
maternal Activin-like signals in the initial steps of axis
determination. When receptor activity was restored at later
times during the blastula stages, marginal expression of sqt and
cyc is reduced and eventually abolished, resulting in a
progressive loss of cell fates. Our results indicate that
maternally encoded Activin-like signals do not act in the initial
steps of axis determination, but are required at a later stage in
some embryos for anterior neural development.
Materials and methods
Zebrafish strains and staging
We used the WIK strain to obtain wild type embryos. Adults homozygous
for the sqtcz35 null allele were obtained by intercrossing heterozygous carrier
adult fish (Feldman et al., 1998). oeptz57 mutant adults were obtained by mRNA
injection, as previously described (Gritsman et al., 1999). Embryos from natural




benzamide) was obtained from Tocris (Ellisville, MO) and stored as a
100 mM stock in DMSO at −20 °C. SB-505124 (2-(5-benzo[1,3]dioxol-5-yl-
2-tert-butyl-3H-imidazol-4-yl)-6-methylpyridine hydrochloride) was a kind gift
from GlaxoSmithKline (King of Prussia, PA) and was stored at 10 mM in
DMSO at 4 °C. 20–25 embryos were treated with 100 μM for SB-431542 or
40 μM for SB-505124 at 1- to 4-cell stage, which we denote as 0.75 hpf in the
figures. Control embryos were treated with an equivalent concentration of
DMSO. To relieve inhibition of the receptors, we washed the embryos in 5
changes of 300 ml egg water at the indicated stage. The effective dose of SB-
505124 was determined previously in Hagos and Dougan (2007). We treated
MZoep mutants with SB-431542 as described in Sun et al. (2006). To verify
that the washout yielded reproducible results for in situ hybridization, some
embryos in each experiment were permitted to develop until 24 hpf, when they
were examined morphologically. Live and fixed embryos after in situ
hybridization were photographed using compound microscope.
Microinjections and whole-mount in situ hybridization
The sOep, and chordin cDNAs were described previously (Zhang et al.,
1998; Miller-Bertoglio et al., 1999). Sense transcripts were synthesized using
the Message Machine kit (Ambion, Inc., Austin, TX). We injected 25 pgchordin or β-galactosidase mRNA into chorionated embryos at the 1- to 4-cell
stage. 100 pg sOep mRNA was co-injected into the YSL of MZoep mutants
with the Oregon Green 488 lineage tracer dye (Invitrogen, Inc., Carlsbad, CA) to
verify the targeting of the injection, as described (Gritsman et al., 2000). In situ
hybridizations were performed as in Dougan et al. (2003). We used the
following probes: cyc (Sampath et al., 1998), gsc (Stachel et al., 1993), flh
(Talbot et al., 1995), MyoD (Weinberg et al., 1996), sox17 (Alexander and
Stainier, 1999), pax6a (Krauss et al., 1991a), emx1 (Morita et al., 1995), fgf8
(Reifers et al., 1998), and krox20 (Oxtoby and Jowett, 1993).Results
A variable requirement for maternal sqt for dorsal and anterior
neural fates
To understand the role of maternal sqt, we raised sqt−/−
embryos and their sqt+/− siblings to adulthood and examined
the phenotypes of their progeny. Although sqt−/− embryos have
severe defects early in development, most mutants are
indistinguishable from wild type by 24 hpf (Figs. 1A–D) and
many mutants survive to adulthood (Aoki et al., 2002b; Dougan
et al., 2003). When sqt−/− females are crossed to wild type
males, the resulting sqt+/− progeny all lack maternal sqt
function (Msqt), but nonetheless have embryonic shields at
6 hpf (N=30). At 24 hpf, Msqt embryos contain all derivatives
of the mesoderm, including the notochord and somites (Fig.
1E). The ventral forebrain is present, indicating that these
embryos have a functional prechordal plate (Fig. 1F). We
followedMsqt embryos at later stages, and found that they have
a 100% survival rate at 5 dpf (N=47), the same as sqt+/−
embryos derived from a cross of sqt+/+ mothers to sqt−/− males.
Thus, Msqt embryos are indistinguishable from wild type at all
stages examined. This means that maternal sqt is not required
for embryonic development, or alternately, that zygotic sqt
function compensates for the loss of maternal sqt.
To distinguish between these possibilities, we examined the
phenotype of sqt−/− embryos from sqt−/− parents, which lack
both maternal and zygotic sqt function (MZsqt). At 6 hpf,
MZsqt embryos do not contain embryonic shields, and are
indistinguishable from Zsqt mutants (data not shown) (Dougan
et al., 2003; Feldman et al., 1998). There was considerable
variation in the phenotypes apparent at 24 hpf, however. Some
sqt−/− females consistently produced MZsqt embryos that were
indistinguishable from wild type at 24 hpf (Class I; N=45; Figs.
1G, H). Other sqt−/− females produced a variable fraction of
MZsqt embryos, ranging from 0 to 78%, with mild cyclopia
(Class II; N=91; Figs. 1I, J). In the cross of sqt+/− adults
depicted in Fig. 1, none of the Zsqt mutant progeny displayed
cyclopia (N=25) (Figs. 1C, D). In other crosses, up to 60% of
the Zsqt mutants were cyclopean (N=6/10), but typically about
4% of the mutants are cyclopic (Dougan et al., 2003). Thus, loss
of maternal sqt function does not affect the frequency or
severity of cyclopia in Zsqt mutants. A third group of sqt−/−
females generated MZsqt embryos with reduced or absent eyes
and forebrain (Class III; N=57; Figs. 1K, L). This novel
phenotype is never observed in crosses of sqt+/− adults (N=25;
Figs. 1C, D). Class III embryos are always associated with the
presence of Class II embryos, but the converse is not true. The
Fig. 1. Embryos lacking maternal sqt function have variable defects. Lateral (A,
C–E, G, I, K) or ventral (B, D, F, H, J, L) images of live embryos at 30 hpf. The
body axis forms normally in wild type (A), Zsqt (C) and Msqt (E) embryos, and
none of these embryos are cyclopic (B, D, F), although Zsqt mutants from some
crosses display mild cyclopia. Embryos lacking both maternal and zygotic sqt
can be classified into three groups depending on their phenotype. The frequency
of the phenotypes depends on the genetic background of the mother, as
described in the text. The MZsqt embryos depicted in panels G–L are siblings.
Class I MZsqt mutants (G, H) are indistinguishable from wild type, while Class
II mutants (I, J) display mild cyclopia (J), typical of the previously reported
phenotype of Zsqtmutants (Dougan et al., 2003). Class III mutants have reduced
dorsal and anterior structures, characterized by reduced (L, arrow) or absent
eyes. Anterior is to the left when apparent.
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group are crossed to wild type males, generating Msqt embryos
indistinguishable from wild type (N=45; Figs. 1E, F). Thus, our
results demonstrate an essential role for maternal sqt in
embryonic development, but this requirement is masked by
zygotic sqt in most genetic backgrounds.
We encountered difficulty in our initial attempts to char-
acterize the novel Class III phenotype in more detail because
these embryos disappeared from our crosses over time. To
quantify this effect, we examined the ratio of Class I, II and IIIembryos generated by a single sqt−/− pair that was mated
repeatedly over a period of several months. We found that the
frequency of mildly cyclopic class II embryos decreased only
slightly during the course of our study, from 25% to 21% (Fig.
2). In contrast to Class II, the fraction of Class III MZsqt
embryos decreased dramatically from 22% to 3% as the mothers
age (Fig. 2). The loss of Class III embryos was not distributed
evenly over time, since the frequency dropped tenfold during
the last 2 months after remaining stable for 5 months. This
suggests that after a period of relative stability, the loss of Class
III embryos occurs by a stepwise mechanism. The decrease in
Class III embryos is accompanied by a concomitant increase in
the fraction of Class I embryos, which are indistinguishable
from wild type (Fig. 2). Thus, females transition from producing
Class III to Class I embryos over time. The dependence of the
Class III phenotype on the genetic background and age of the
sqt−/− female could explain why it was not observed in previous
studies (Aoki et al., 2002b).
The loss of dorsal and anterior neural structures in Class III
MZsqt embryos is reminiscent of the defects previously
reported for depletion of maternal sqt (Gore et al., 2005). To
determine which cell types depend upon maternal sqt function,
we examined the expression of neural genes that mark different
positions along the anterior–posterior axis at 24 hpf. To ensure
the presence of Class III embryos, we crossed only sqt−/−
females younger than 8 months and we classified the embryos
based on eye morphology. The hindbrain is normal in all three
types of MZsqt embryos, as reflected by Krox20 expression in
rhombomeres 5 and 7, and fgf8 expression in the midbrain/
hindbrain boundary (data not shown) (Reifers et al., 1998; Woo
and Fraser, 1998). By contrast, we observed aberrant
expression of markers in the anterior neural tube. emx1 is
expressed in a graded fashion throughout the telencephalon,
with the highest levels in the posterior (N=20; Fig. 3A)
(Morita et al., 1995). Expression of emx1 in the posterior
telencephalon is upregulated in Class III mutants (N=11), but
not in Class I and II embryos (N=10 and N=6, respectively;
Figs. 3A–D). This is similar to the expression of emx1 in sqt;
cyc and in MZoep mutants (N=22; Fig. 3E) (Feldman et al.,
2000; Gritsman et al., 1999; Sirotkin et al., 2000). This
suggests that the levels of Nodal signaling are lower in Class
III MZsqt embryos than in Class I or II MZsqt embryos, or in
Zsqt embryos.
pax6a is expressed in the retina as well as in the ventral
telencephalon in wild type (N=30) and in MZsqt Class I and
II embryos (N=15 and N=7, respectively; Figs. 3F–H)
(Nornes et al., 1998). By contrast, the retinal expression of
pax6a is abolished in Class III embryos (N=13; Fig. 3I).
Thus, Class III MZsqt embryos are characterized by a loss of
dorso-anterior neural tissue, which is consistent with a role
for maternal sqt as a dorsal determinant. However, we
observed that pax6a is expressed in the cyclopic eye of
MZoep mutants, which are unresponsive to both maternal and
zygotic Nodal signals (N=22; Fig. 3J) (Gritsman et al., 1999).
This indicates Nodal signals are dispensable for pax6a
expression and eye formation. Thus, the defects in Class III
MZsqt mutants must be due to a secondary consequence of
Fig. 2. The frequency of the Class III phenotype depends on maternal age. One pair of sqt−/− adults was repeatedly crossed over a period of 7 months, and the embryos
were classified according to their phenotype. The frequency of Class II embryos (red squares) stayed fairly constant, ranging from 25% to 21% with a peak at 33%. By
contrast, the frequency of Class I embryos (blue diamonds) increases from 53% to 77%, with the largest increase occurring in the last 2 months. The frequency of Class
III MZsqt embryos remained stable for the first 5 months at 22%, then decreased precipitously in the last 2 months to 3% (black triangles).
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similar, but more severe, loss of dorso-anterior tissues in sqt;
boz double mutants was ascribed to increased activity of
posteriorizing signals emanating from the mesoderm in these
embryos (Erter et al., 2001; Shimizu et al., 2000; Sirotkin et
al., 2000).
Maternal Activin-like signals are not required during the
cleavage stages for axis formation
Our genetic analysis demonstrates a requirement for
maternal sqt, but does not support a role for maternal sqt in
the initial steps of axis determination. Two caveats could
reconcile our results with previous experiments depleting sqt
function from oocytes (Gore et al., 2005). First, it is formallyFig. 3. Dorsal and anterior neural tissue is reduced or missing in Class III MZsqt emb
(B, G), Class II MZsqt (C, H), Class III MZsqt (D, I), or MZoep (E, J) embryos at 2
wild type in Class I and Class II MZsqt (A–C), but is expanded in Class III MZsqt (
MZsqt embryos (F, G) and in the retina of the cyclopic eyes in Class II MZsqt (H)
Lateral view with anterior to the left. (F–J) Dorsal view with anterior to the left. A
pax6a expression (I).possible that the sqtcz35 allele has some residual function
despite the 2 kb insertion into the 5′ UTR (Feldman et al.,
1998). Second, maternal Sqt could act in some contexts by an
Oep-independent mechanism, which has not been previously
described (Schier, 2005). Finally, our analysis of sqtcz35 mutants
did not address the function of other maternally expressed
Activin-like signals, such as zDVR-1. To test if these ligands
could act to establish the dorsal axis, we utilized the competitive
inhibitor of the ALK4, 5 and 7 receptors, SB-505124 (DaCosta
Byfield et al., 2004). Whereas control embryos treated with
DMSO develop normally (Figs. 4A, B), embryos treated at the
mid-blastula transition (MBT; 3 hpf) with 40 μM SB-505124
are severely cyclopic and lack all derivatives of the mesoderm
and endoderm in the head and trunk (Figs. 4E, F). These
embryos are indistinguishable from those treated soon afterryos. emx1 (A–E) or pax6a (F–J) expression in wild type (A, F), Class I MZsqt
4 hpf. emx1 expression in the posterior telencephalon is indistinguishable from
D) and in MZoep (E). pax6a is expressed in the retinas of wild type and Class I
and MZoep (J). pax6a is not expressed in Class III MZsqt embryos (I). (A–E)
rrowheads indicate retinal pax6a expression (F–H, J) or the absence of retinal
Fig. 4. Maternal Activin-like signals are not required during the cleavage stages. Images of live embryos at 24 hpf. Embryos were treated with DMSO (A, B) or
with SB-505124 at 0.75 hpf (C, D, G–L) or at 3 hpf (E, F). In panels G–L, the drug was applied at 0.75 hpf and washed out at the indicated time. Embryos treated with
SB-505124 at 0.75 hpf and 3 hpf (C, E) lack all derivatives of the mesoderm and endoderm in the head and trunk, and are severely cyclopic (D, F). (G, H) When
embryos are exposed to the drug only between 0.75 hpf and 3 hpf, they are indistinguishable from wild type (A, B). (I, J) When embryos are exposed to SB-505124
between 0.75 hpf and 4.3 hpf, they lack head mesoderm and endoderm, as indicated by severe cyclopia (J), but contain trunk somites and notochord (I). Finally,
embryos exposed to SB-505124 between 0.75 hpf and 6 hpf lack notochord, but contain trunk somites (K), and are severely cyclopic (L). Lateral views, anterior is to
the left (A, C, E, G, I, K) or ventral views (B, D, F, H, J, L).
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(Gritsman et al., 1999). Thus, blocking the ALK 4/5/7 receptors
during the cleavage stages does not enhance the phenotype
caused by blocking the receptors at later stages.Time-dependent loss of mesoderm and endoderm
To distinguish the contribution of potential maternal Activin-
like signals from zygotically expressed signals, we treated
251E.G. Hagos et al. / Developmental Biology 309 (2007) 245–258embryos with SB-505124 at 0.75 hpf and washed out the drug at
later times, activating the receptors for different lengths of time
during the blastula period. When the drug is washed out at the
onset of gastrulation (6 hpf), the embryos lack most derivatives
of head and trunk mesoderm, except for a few somites above the
yolk extension (Figs. 4K, arrow, L). Expression of MyoD at
14 hpf confirms that these are trunk somites (Fig. 5D), since tail
somites are not specified until later stages (Szeto and Kimel-
man, 2006). Consistent with the lack of notochord tissue, these
embryos fail to express flh at the midline (Fig. 5H). We detect
two broad domains of flh expression in the forebrain, which are
likely due to an expanded epiphysis, and two ectopic domains in
the posterior (Fig. 5H) (Hagos and Dougan, 2007). The
prechordal plate, endoderm and dorsal forerunner cells are all
missing in these embryos, as revealed by the lack of gsc at the
midline and by the complete absence of sox17 (Figs. 5L, P).
This indicates that cell types specified by low Nodal doses, such
as the somites, are induced even when the ALK 4/5/7 receptors
are activated as late as 6 hpf.
Progressively more mesodermal and endodermal cell types
are specified when the drug is washed out at earlier times,Fig. 5. Progressive loss of cell fates with shorter exposures to Activin-like signals. E
0.75 hpf and 3 hpf (B, F, J, N, R), 4.3 hpf (C, G, K, O, S) or 6 hpf (D, H, L, P, T).
and stained for MyoD expression (A–D). Embryos fixed at 10 hpf were stained for
sox17 (M–P) or cyc (Q–T). When the drug is washed out at 3 hpf (B, F, J, N, R),
When the drug is washed out at 4.3 hpf, MyoD and flh expression is normal (C, G),
the dorsal forerunner cells (O). The axial domain of cyc expression is reduced (S). W
and flh is expressed in four ectodermal domains, but not in the axial mesoderm (H)
(P). cyc expression in the axial mesoderm is severely reduced, but is still present (T
In panels M–I, images are dorsal views with the animal pole at the top.restoring receptor activity for longer periods of the blastula
stages. For example, somites and notochord form normally
when the drug is washed out at 4.3 hpf, but the embryos are
cyclopic, indicating a loss of dorsal mesoderm (Figs. 4I, J).
Consistent with this,MyoD and flh expression are indistinguish-
able from DMSO treated controls (Figs. 5C, G), while gsc
expression is absent from the prechordal plate (Fig. 5K).
Ectodermal expression of gsc is not affected. sox17 is present in
the dorsal forerunner cells but absent from the endoderm
precursors, as indicated by the lack of punctate staining (Fig.
5O). Finally, when the drug is washed out at 3 hpf, restoring
receptor activity just after the onset of zygotic transcription, the
embryos are indistinguishable from controls (Figs. 4G, H).
These embryos have normal somites and notochord, as revealed
by morphology of living embryos (Figs. 4G, H) and by
expression of MyoD and floating head (flh) at earlier stages
(Figs. 5A, B, E, F). The prechordal plate marker, goosecoid
(gsc) and endodermal marker, sox17, are also indistinguishable
from controls (Figs. 5I, J, M, N). The time-dependent
restoration of cell fates with progressively earlier activation of
the ALK 4/5/7 receptors is consistent with previous studiesmbryos were treated with DMSO (A, E, I, M, Q) or with SB-505124 between
Sibling embryos were divided into five groups. One group was fixed at 14 hpf
either flh (E–H), or gsc (I–L). Embryos fixed at 8 hpf were stained for either
expression of all markers is indistinguishable from wild type (A, E, I, M, Q).
but gsc is absent from the prechordal plate (K) and sox17 is only expressed in
hen the drug is washed out at 6 hpf, MyoD is expressed in trunk somites (D),
. gsc is absent from the prechordal plate (L) and sox17 expression is abolished
). In panels A–L, images are dorsal views, with anterior to the top of the page.
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exposed to Nodal signals (Hagos and Dougan, 2007). The
current results extend those findings by demonstrating the
location of Nodal signals and the stage of expression matter less
in specifying cell fates than the duration of Nodal signals.
Furthermore, these results show that signaling through the
ALK4, 5 and 7 receptors, by Oep-dependent or -independent
mechanisms, is not required during the cleavage stages.
Time-dependent induction of nodal-related gene expression
Because formation of mesoderm and endoderm depends on
the zygotic function of nodal-related genes, we asked if
maternal Activin-like signals are required for zygotic expres-
sion of sqt and cyc. We found that cyc expression is dramatically
affected in drug treated embryos when SB-505124 is washed
out during the late blastula stages. During gastrulation, cyc
is expressed at the midline in axial mesoderm (Fig. 5Q)
(Rebagliati et al., 1998a,b; Sampath et al., 1998). This ex-
pression is mildly reduced when the drug is washed out at
4.3 hpf (Figs. 5R, S). By contrast, axial expression of cyc is
greatly reduced, but still apparent, when the drug is washed out
at 6 hpf (Fig. 5T). Thus, induction of axial expression of cyc
occurs independently of earlier Nodal signals, but Nodal
autoregulation during the blastula stages is required for normal
levels of axial cyc expression during gastrulation. We also
examined sqt and cyc expression in the margin of embryos
when the drug was washed out during the blastula stages.
Expression of both genes is severely reduced when the drug is
washed out at 4.3 hpf (sqt=22/24, cyc=9/9; data not shown).
Expression varied considerably when the drug is washed out at
3 hpf. In many embryos, both genes were expressed at normal
levels, within the limits of detection, and in the correct
distribution (sqt=11/21, cyc=10/12; data not shown). AFig. 6. oep function is not required before 3 hpf. Images of uninjectedMZoepmutants
4 h (G–I).MZoep embryos lack all derivates of mesoderm and endoderm in the head a
of sOep mRNA at 3 hpf restores mesoderm and endoderm (D), as well as cyc (E) an
trunk somites and notochord (G). Expressions of both cyc (H) and sqt (I) are severesignificant fraction, however, displayed reduced sqt and cyc
expression, which could be due to trace amounts of the drug
remaining after the washout protocol. These data argue against,
but do not completely exclude, a role for maternally expressed
Activin-like ligands inducing zygotic expression of sqt and cyc.
Because of the limitations of the drug washout studies, we
adopted another approach to determine if either maternal Sqt or
zDVR-1 is required for zygotic expression of sqt and cyc.
Embryos lacking the Nodal co-receptor One-eyed Pinhead
(MZoep mutants) are completely unresponsive to Nodal signals
and Vg1, and lack all derivatives of the mesoderm and
endoderm (Fig. 6A) (Cheng et al., 2003; Gritsman et al.,
1999). These defects are completely rescued when the embryos
are supplied with a mutant form of Oep that is not tethered to the
membrane (sOep) at 3 hpf, as previously described (Figs. 7A,
D; N=12/14) (Aoki et al., 2002b; Gritsman et al., 2000). This
suggests that Oep-dependent signals are not required for
mesoderm formation before MBT. When sOep is supplied at
4 hpf, by contrast, the embryos have trunk mesoderm, including
notochord and somites, but are severely cyclopic at 24 hpf (Fig.
6G), consistent with previous results (Aoki et al., 2002b;
Gritsman et al., 2000). We found that expression of both cyc
(N=19/21; Fig. 6H) and sqt (N=23/25; Fig. 6I) are greatly
reduced in the margin of these embryos, and large gaps are
frequent. This aberrant nodal-related gene expression likely
contributes to the subsequent loss of prechordal plate and
cyclopia observed at later stages (Fig. 6G). When sOep is
supplied at 3 hpf, both cyc (Figs. 6B, E; N=17/19) and sqt
(Figs. 6C, F; N=22/24) are expressed at normal levels, although
we occasionally observe gaps due to uneven distribution of
injected mRNA (Fig. 6F, arrow). Since these results were
consistent and reproducible, they demonstrate that Oep-
dependent signaling is not required during the cleavage stages
for zygotic expression of sqt and cyc.(A–C), or those injected with 100 pg sOepmRNA into the YSL at 3 h (D–F) or
nd trunk at 24 h (A), and lack expression of cyc (B) and sqt (C) at 5 hpf. Injection
d sqt (F) expression. Embryos injected at 4 h are severely cyclopic, but contain
ly reduced. Animal pole views, with dorsal to the right.
Fig. 7. Treatment with SB-505124 after MBT enhances the MZoep mutant phenotype. MZoep mutants were treated with DMSO (A, C), SB-431542 at the 16- to 32-
cell stage (B), or SB-505124 at 3 hpf (D). The majority of MZoep mutants treated with DMSO develop long tails containing somites (A), but a minority has
underdeveloped tails with no apparent somites (C). After treatment with SB-431542 during the cleavage stages, all MZoep mutants have shortened tails with no
apparent somites (B). Similarly, MZoep mutants have short tails after treatment with SB-505124 at 3 hpf (D). Images of live embryos at 24 h, anterior to the left.
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mutant phenotype
MZoep mutants typically develop a long tail that contains
somites (Fig. 7A) (Gritsman et al., 1999; Szeto and Kimelman,
2006). In previous experiments, the tails of MZoep mutants
were reduced when the embryos were treated with the small
molecule inhibitor of the Nodal receptor, SB-431542, during the
cleavage stages (Sun et al., 2006). In contrast to our data (Figs. 4
and 5), these results suggested that a maternally expressed
Activin-like signal acts by an Oep-independent mechanism to
stimulate the Nodal receptors and induce tail formation. To
reconcile our data, we treatedMZoepmutants with 100 μM SB-
431542 during the cleavage stages according to the protocol of
Sun et al. (2006), which in our hands is not sufficient to
completely block zygotic Nodal signaling in wild type (Hagos
and Dougan, 2007). Although the majority of our control
MZoep embryos developed with long tails (Fig. 7A), a minority
develop with a shortened tail that lacks somites (4/16; Fig. 7C).
Thus, our crosses of oep−/− adults generate mutant progeny
with considerable variation in tail size and morphology. This is
similar to the previously reported variation in the tails of sqt;cyc
double mutants (Erter et al., 2001). Following treatment with
SB-431542 at the 1- to 4-cell stage, all MZoep mutants display
the short-tail phenotype (9/9; Fig. 7B). As previously described,
this effect is dose-dependent, since only 5/15 embryos have
reduced tails after treatment with 40 μM SB-4315432, and only
1/13 embryos are affected at 35 μM (data not shown) (Sun et al.,
2006). Thus, high concentrations of the drug increase the
fraction of MZoep mutants with poorly developed tails. This
could indicate that a maternal Activin-like signal is required for
tail formation in MZoep mutants (Sun et al., 2006). If so, then
tails should develop normally if the Nodal receptors in MZoep
mutants are inactivated after the onset of zygotic transcription
(MBT). In this experiment, we used SB-505124 because of its
greater solubility and bioactivity in older embryos as compared
to SB-431542 (Hagos and Dougan, 2007). We found that all
MZoep mutants had short tails with no apparent somites evenwhen treated with SB-505124 at 3 hpf (N=22; Fig. 7D). We
conclude that maternal Activin-like signals do not act during the
cleavage stages to induce tails in MZoep mutants. Our data
suggests that Oep-independent signals act through ALK 4/5/7
receptors after MBT to induce tail formation. It is still possible,
however, that drug treatment indirectly affects other zygotically
active signaling pathways that are involved in tail development.
Discussion
Maternal Activin-like signals play an important role during
Xenopus development, but their function in zebrafish is
controversial. In this work, we examined the role of maternal
Activin-like signals during zebrafish development. Our data
demonstrate that maternal Sqt does not act during the initial
stages of axis formation. We could find no evidence that Sqt,
zDVR-1, or any other maternally expressed Activin-like signals
are required during the cleavage stages. Maternal sqt is required
for the formation of anterior neural tissues in some genetic
backgrounds. In these cases, however, maternal sqt acts after
the mid-blastula transition, well after the initial steps of axis
formation are complete. Our data reconciles previous contra-
dictory results in the published literature (Aoki et al., 2002b;
Gore et al., 2005; Sun et al., 2006).
Maternal Activin-like signals are not required to establish the
axis in zebrafish
Three lines of evidence indicate that maternally expressed
Activin-like signals are not required in the initial steps of axis
determination. First, we could not detect any defects in Msqt
embryos (Fig. 1E). Based on the precedent of maternal β-
catenin, we expected that dorsal tissues would be missing if
maternal sqt were required to induce the dorsal axis (Kelly et
al., 2000). We found, however, that the embryonic shield forms
in Msqt mutants, and the embryos are indistinguishable from
wild type at 24 hpf and 5 dpf. This is true even when Msqt
embryos are derived from mothers that generate Class IIIMZsqt
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for maternal sqt is entirely masked by zygotic sqt function.
Secondly, the body axes form normally even when the ALK 4/
5/7 receptors are temporarily blocked during the cleavage
stages, either by treatment with SB-505124 (Figs. 4C–H; Figs.
5B, F, J, N) or by the rescue of MZoep mutants at 3 hpf (Fig.
6D). Since our analysis of these embryos was not quantitative,
we cannot exclude the possibility that blocking the Nodal
receptors during these stages caused subtle changes in gene
expression that could not be detected by in situ hybridization. If
so, however, maternally expressed Sqt and/or zDVR-1 would
have only a minimal role in the initial steps of axis formation.
Finally, we have previously shown that constitutive activation
of these receptors during the cleavage stages alone is not
sufficient to induce ectopic axes or gene expression (Hagos and
Dougan, 2007). Thus, activation of the ALK 4/5/7 receptors
during the cleavage stages is neither necessary nor sufficient for
axis formation in zebrafish, as assayed by morphology or by in
situ hybridization.
We also showed that activation of the receptors during the
cleavage stages is not required to induce zygotic nodal-related
gene expression. This conclusion is supported by the rescue of
MZoep mutants at 3 hpf, in which the vast majority of embryos
had normal expression of sqt and cyc in the late blastula stage
(5 hpf) (Figs. 6E, F). We obtained similar results in wild type
embryos incubated with SB-505124 from the 1-cell stage until
MBT. Since Nodal signaling controls the specification of all
mesoderm and endodermal cell types, normal sqt and cyc
expression in the margin indicates that these tissues are properly
specified at early stages. These experiments ruled out the
possibility that blocking maternal Activin-like signals during
the cleavage stages causes early defects in patterning that were
not apparent in older embryos.
Our conclusions differ from a previous analysis based on the
analysis of embryos treated with SB-431542, which showed
that treatment with SB-431542 generated progressively milder
phenotypes when added to embryos at later times during the
cleavage period (Sun et al., 2006). This drug, however, forms a
precipitate in aqueous solutions, indicating its poor solubility
(Hagos and Dougan, 2007). We attribute the mild effects of this
compound to the decreased ability of SB-431542 to penetrate
cleavage stage embryos as the cell number increases. In this
study, by contrast, we used SB-505124, a much more soluble
and effective competitive inhibitor of the ALK 4/5/7 receptors
than SB-431542 (DaCosta Byfield et al., 2004). Treatment with
SB-505124 produces a phenocopy of sqt;cyc double mutants
when added to embryos at the 1- to 4-cell stage (0.75 hpf) or
when added at MBT (3 hpf). This supports our conclusion that
signaling through the ALK 4/5/7 receptors is not required
during the cleavage stages.
The role of maternal Activin-like signals
Our genetic analysis of embryos lacking both maternal and
zygotic sqt function revealed a requirement for maternal sqt
function in embryonic development that is normally suppressed
by zygotic sqt function. A subclass of sqt−/− females producedMZsqt mutant embryos, termed Class III, that lack dorsal and
anterior neural structures, as indicated by reduced or absent eyes
and expression of pax6a (Figs. 1K, L and 3I). Since our drug
treatment studies and genetic analysis ruled out a requirement for
maternal Activin-like signals during the cleavage stages,
maternal Sqt must act after MBT. Maternal sqt transcripts are
present for more than an hour after MBT, indicating that
maternal Sqt protein can act after the onset of zygotic expression
(Rebagliati et al., 1998a). It is highly unlikely, however, that
maternal Sqt acts directly on neural tissue to pattern the
forebrain, since the transcript is gone by the onset of gastrulation,
well before specification of the forebrain, and the protein is
inherently unstable (Grinblat et al., 1999; Le Good et al., 2005;
Rebagliati et al., 1998a). Furthermore, pax6a is expressed in the
cyclopic eye of MZoep mutants, which are unresponsive to
Nodal signals (Fig. 3J). This indicates that the defects in Class III
MZsqt mutants are a secondary consequence of reduced Nodal
levels. Supporting this conclusion, the expanded domain of
emx1 in Class III MZsqt is reminiscent of MZoep, suggesting
that these embryos have reduced levels of Nodal signaling as
compared to Class I and Class II MZsqt mutants.
The loss of dorsal and anterior structures in Class III MZsqt
mutants is similar to the phenotype of embryos lacking sqt and
the dorsal transcription factor, bozozok. boz;sqt double mutants
exhibit a dramatic loss of telencephalon, as indicated by the
absence of emx1 and six3 expression (Shimizu et al., 2000;
Sirotkin et al., 2000). Surprisingly, emx1 expression is
completely restored in sqt;cyc;boz triple mutants, which lack
all mesoderm. This indicates that a factor expressed in the
mesoderm under the control of cyc, represses anterior neural
development (Sirotkin et al., 2000). One candidate for this factor
is Wnt8, which is expressed in the lateral mesoderm and acts to
posteriorize the neural tube (Erter et al., 2001). Therefore, we
propose that synergistic signaling by maternal and zygotic sqt
after MBT can modulate the levels of posteriorizing signals,
possibly Wnt8, either directly or indirectly by controlling cyc
expression. The loss of dorsal and anterior neural tissue is only
apparent in the sensitized background generated by the absence
of zygotic sqt function, which explains why we never obtained
the Class III phenotype in wild type embryos treated with SB-
505124. It is also possible that differences in the genetic
background of our fish influenced the ability to see the Class III
phenotype in drug treated embryos (see discussion below).
Previously, the role of maternal sqt was examined in
experiments depleting sqt function from oocytes by injection
of anti-sense morpholino oligonucleotides (Gore et al., 2005).
As in our crosses of sqt−/− adults, these embryos exhibit a range
of phenotypes, including cyclopean embryos similar to our
Class II MZsqt mutants (Figs. 1I, J). A minority of these
embryos lack dorsal and anterior structures, like the Class III
MZsqt mutants (Figs. 1K, L). Thus, the same tissues are
affected in MZsqt mutants and in embryos from sqt-depleted
oocytes, and the defects occur at similar frequencies. By
analogy withMZsqt mutants, therefore, we suggest that the loss
of dorsal and anterior neural tissue in some embryos from sqt-
depleted oocytes is an indirect consequence of the loss of both
maternal and zygotic Sqt signals.
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phenotype
Only some sqt−/− females are able to generate Class III
embryos, and these females only have this capacity while they
are young (Figs. 1 and 2). This indicates that genetic
background and maternal age have a strong influence on the
embryonic phenotype of MZsqt mutants. Similar effects have
been described for other embryonic mutants in zebrafish. For
example, the strongly dorsalized phenotype of vox;vent double
mutants is completely suppressed in some genetic backgrounds,
suggesting the presence of a dominant modifier (Imai et al.,
2001). Background-dependent effects are common in mice,
with the phenotypes of some mutations apparent only in certain
strains (Erickson, 1996). In most cases, however, the modifiers
have not been identified and may be the result of interactions
between many genes. It is more difficult to explain how the age
of the mother could affect the strength or penetrance of an
embryonic phenotype. To our knowledge, this phenomenon has
only been described for one other gene. The penetrance and
severity of the boz mutant phenotype decreases so dramatically
as the mother ages that boz homozygotes are frequently viable
when derived from older females (Fekany et al., 1999). Our
time-course analysis provides some insight into the mechanism
by which maternal age can influence embryonic phenotypes.
We showed that the frequency of Class III embryos decreases
dramatically in one step, after remaining stable for a long
period (Fig. 2). Thus, a sudden change occurs as sqt−/− females
age that mitigates the Class III phenotype. This could be
accomplished if oocytes produce increasing amounts of a
suppressor over time, or decreasing amounts of an enhancer.
Oep-independent Activin signaling promotes tail formation
during the blastula stages
Our data, and that from other labs, indicates that the ALK 4/
5/7 receptors retain some activity in MZoep mutants (Sun et al.,
2006). Most MZoep mutants have long tails, complete with
somites, but a minority develops with short tails that lack
somites (Figs. 7A, C) (Gritsman et al., 1999). This indicates that
tail size and morphology are under the control of modifiers
present in the background of some stocks. These embryos
strongly resemble the previously described enhanced sqt;cyc
double mutant phenotype, observed in the TL background
(Erter et al., 2001). We found that blocking ALK 4/5/7 receptor
activity increases the penetrance of the short-tail phenotype in
MZoep mutants (Fig. 7B), indicating that ALK 4/5/7 activity
is required for tail formation. We obtained this phenotype
whether we treated embryos with SB-431542 during the
cleavage stages (Fig. 7B), or SB-505124 after MBT (Fig.
7D). This demonstrates that activation of the ALK 4/5/7
receptors during the blastula stages is required for tail
formation. The variation in tail size in MZoep mutants (Fig.
7C), therefore, is due to fluctuations in the levels of ALK 4/5/7
activity during the blastula stages. The same mechanism prob-
ably accounts for accounts for the enhanced sqt;cyc phenotype
(Erter et al., 2001).Since BMP signaling is known to promote tail formation in
zebrafish, the loss of tails in drug treated embryos could be
explained if the drug binds to the BMP receptors with a low-
affinity and dampens their activity. Although we cannot
completely eliminate this possibility, three observations indicate
that this is not the case. First, in cell culture, neither SB-431542
nor SB-505124 prevent phosphorylation of Smad1, an effector
of the BMP pathway (DaCosta Byfield et al., 2004; Inman et al.,
2002). Secondly, BMP target genes such as ΔNp63, Tbx6 and
gata2 are upregulated in embryos following treated with SB-
431542 (EGH and STD, unpublished data) (Sun et al., 2006).
Finally, in human embryonic stem cells, treatment with SB-
431542 increases levels of phosphorylated Smad1, an effector
of BMP signaling (Besser, 2004; James et al., 2005). This
indicates that there is a antagonistic relationship between the
Nodal and BMP pathways, as has been suggested in Xenopus
(Candia et al., 1997; Yeo and Whitman, 2001). Antagonism
between the two pathways, however, does not explain the loss
of tails in drug treated MZoep mutants. If BMP signals were
upregulated in these embryos, then we would expect expanded
tails, not reduced tails. We found that drug treatment enhances
the response to low doses of chordin and phenocopies of drug-
treatedMZoepmutants (EGH and STD, unpublished data). This
indicates that interactions between the BMP and Nodal signal
transduction pathways are more complex than previously
suspected and more experiments are necessary to distinguish
the direct effects of drug treatment, from indirect effects on
other signaling pathways.
Time-dependent induction of zygotic nodal-related gene
expression
Our results reveal that expression of cyc in the axial
mesoderm is induced independently of earlier Nodal signaling.
When the drug is washed out at 6 hpf, restoring receptor activity
at the onset of gastrulation, cyc is expressed at low levels at the
midline (Fig. 5T). Therefore, axial expression of cyc is induced
independently of earlier Nodal signals, perhaps by bozozok
(Shimizu et al., 2000; Sirotkin et al., 2000). Furthermore, in the
absence of early Nodal signaling, the late expression of cyc in
the axial mesoderm accounts for the somitic mesoderm we
observe in these embryos at 24 hpf (Fig. 5D). This indicates that
cells remain competent to become somites throughout the
blastula and early gastrula stages. Consistent with this, we
previously demonstrated that cells respond to the cumulative
dose of Nodal signals to which they are exposed (Hagos and
Dougan, 2007). In those experiments, we demonstrated that
somites are specified by short periods of Nodal signaling during
the early blastula period. The results presented here extend
those studies by showing that the location and stage of nodal-
related gene expression are less important for cell fate
determination than is the duration of exposure.
Zygotic nodal-related gene expression is induced in three
independent phases. First, sqt is expressed in the dorsal margin
under the control of maternal β-catenin (Bellipanni et al., 2006;
Dougan et al., 2003). At later stages, sqt and cyc are both
induced in all marginal cells by an unknown factor (Erter et al.,
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this phase, Sqt and Cyc signals in the marginal-most cells
activate a positive feedback loop, which stimulates sqt and cyc
expression in cells farther from the margin (Solnica-Krezel,
2003). Finally, another factor, perhaps bozozok, induces cyc
expression in the axial mesoderm. The Nodal autoregulatory
loop is required during the blastula stages to achieve normal
levels of cyc expression in the axial mesoderm, however, since
axial cyc expression is greatly reduced when Nodal signals are
blocked until gastrulation (Figs. 5S, T).
We observed a time-dependent loss of cell fates when drug
treatment continued past MBT, blocking receptor activity for
increasing periods. Cell types derived from the margin, such as
endoderm and prechordal plate, are only specified if receptor
activity is restored prior to 4.3 hpf (Fig. 5O). By contrast, cell
types that are derived from more animal regions, i.e. notochord
and somites, are specified even when receptor activity is
restored at later times (Figs. 5D, G). These defects in cell fate
specification can be entirely explained by changes in the
zygotic expression of the nodal-related genes. We found that
sqt and cyc are expressed at reduced levels and in an altered
pattern when the drug is washed out after MBT, restoring
receptor activity during the blastula period (Figs. 6 and 7).
This supports our conclusion that there is no role for
maternally expressed Sqt or other Activin-like signals. It is
not clear whether the patterning defects in these embryos are
caused by the reduced Nodal dosage or by the shortened
duration of Nodal signaling. It is likely that both factors
contribute to the defects in cell fate specification, since cells
integrate the total cumulative Nodal dose over time to generate
the appropriate response (Hagos and Dougan, 2007).
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